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Background:Most current animal models of hindlimb ischemia use acute arterial occlusion that does not accurately reflect
the pathogenesis of gradual arterial occlusion in humans. We, therefore, developed the first mouse model of gradual
arterial occlusion and tested the hypothesis that the mechanisms regulating blood flow recovery are critically dependent
on the rate of arterial occlusion.
Methods: Gradual arterial occlusion was induced by placing ameroid constrictors on the proximal and distal left femoral
artery, and ligating the femoral arterial branches (n  36). Acute arterial occlusion was accomplished by excising the left
femoral artery (n  36). The blood flow recovery was studied by laser Doppler imaging. Differential gene expression
between these two models was assessed by quantitative real-time polymerase chain reactions (PCR). Inflammatory and
progenitor cells recruitment were determined by immunohistochemistry.
Results: We found that hypoxia-related genes increased significantly in the calf, but not in the thigh, after gradual and
acute femoral arterial occlusion (P < .05). Shear-stress dependent genes and inflammatory genes were upregulated
immediately in the thigh only after acute femoral arterial occlusion (P < .05). These differences in gene expression were
consistent with increased SDF-1 expression, recruitment of macrophages and hemangiocytes, and higher blood flow
recovery after acute arterial occlusion than after gradual arterial occlusion (P < .05).
Conclusion:This is the first study to show themechanisms that regulate blood flow recovery are critically dependent on the rate
of arterial occlusion. This novel model of gradual arterial occlusion may more closely resemble the human diseases, and may
provide more accurate mechanistic insights for creating novel molecular therapies. (J Vasc Surg 2008;48:1546-58.)Critical limb ischemia, the most severe clinical manifes-
tation of peripheral arterial disease (PAD), is responsible for
more than 150,000 lower limb amputations per year in the
United States.1 It is caused primarily by the gradual progres-
sion of chronic atherosclerotic occlusive disease. However,
most experimental animal models of critical limb ischemia
utilize acute arterial occlusion, which does not replicate accu-
rately the gradual arterial occlusion seen in humans. Although
rabbit and rat models of gradual arterial occlusion have been
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1546described,2,3 a mouse model has not. A mouse model of
hindlimb ischemia due to gradual arterial occlusion would
provide a more powerful platform for defining the mecha-
nisms that mediate blood flow recovery after gradual occlu-
sion. In addition, the experiments generated through this
model would produce possible therapeutic approaches more
likely to benefit patients who have chronic PAD.
Collateral artery enlargement, a form of arteriogenesis,
is the primary way by which blood flow is restored to an
ischemic hindlimb.4-6 Three related major mechanisms
promoting collateral artery enlargement after acute arterial
occlusion have been proposed, shear stress,7-9 inflamma-
tion,10,11 and recruitment of progenitor cells to the site of
ischemia.12 Acute arterial occlusion causes a sudden pres-
sure gradient between the proximal and distal portions of
collateral arteries. This pressure gradient increases the ve-
locity of blood through collateral arteries, which induce
changes in gene expression through elements responsive to
changes in shear stress.8 In addition, inflammatory cells, in-
cluding monocytes and macrophages, infiltrate into the re-
gion of collateral arteries and promote arteriogenesis.10,11
Endothelial progenitor cells, as well as hemangiocytes13 play
an important role in endothelial maintenance, and for re-
endothelialization and neovascularization.12,14 However, the
mechanisms promoting collateral artery enlargement are un-
GAA
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lack of an appropriate mouse model.
These experiments were designed to assess the molecular
and cellular mechanisms regulating arteriogenesis, angiogen-
esis, and recovery of blood flow that occur in response to
gradual femoral arterial occlusion. We hypothesized that spa-
tial and temporal changes in gene expression, blood flow
recovery, as well as hemangiocyte/macrophage recruitment
are dependent on the rate of arterial occlusion.
MATERIALS AND METHODS
Animals
A total of 72 wild type (C57BL/6) 3- to 5-month-old
mice, were used for the acute (n  36) and gradual (n 
36) arterial occlusion models (see study design in Appen-
dix, online only). Mice were housed in an environmentally
controlled room and fed with rodent chow and water ad
libitum. The care of mice complied with the National
Research Council Guide for the Care and the Use of
Laboratory Animals. All protocols were approved by the
Institutional Animal Care and Use Committee at the Uni-
versity of California, San Francisco.
Hindlimb ischemia and sham operations
Mice were anesthetized using 2% isofluorane with a
consistent oxygen flow of 2 L/min. Acute femoral arterial
occlusion was induced by excision of the left femoral artery
and ligation of all femoral artery branches as previously de-
scribed.15 Gradual femoral arterial occlusion was induced by
ligating all branches of the left femoral artery and then placing
ameroid constrictors (0.25mm internal diameter) around the
proximal and distal femoral artery as previously described.3
The ameroid constrictor consisted of a stainless steel casing
surrounding a hygroscopic casein material (Research Instru-
ments SW, Escondido, Calif). The ameroid constrictors were
sterilized with ethylene gas before being implanted. A sham
surgical procedure (control), consisting of femoral artery iso-
lation and branch dissection, was performed for both acute
and gradual arterial occlusion groups.
Experimental design
To determine blood flow recovery after acute and grad-
Table I. Primer sequences used in Q-RT-PCR assay
Genes Forward primer
eNOS ATCTTCGTTCAGCCATCA
VEGF CACGACAGAAGGAGAGC
MCP-1 TTGGCTCAGCCAGATGC
ICAM TGTATTCGTTTCCGGAG
PDGFB TTCCAGGAGTGATACCA
VCAM CATGGAGCCTGTCAGTT
HIF-1 ACAGAAATGGCCCAGTG
Egr-1 AGCGAACAACCCTATGAG
NF-b CCAACGCCCTTTTCGAC
18s rRNA CGGCTACCACATCCAAGual femoral arterial occlusion, laser Doppler perfusion im-age (LDPI) scanning was performed up to 42 days postop-
eratively. Angiograms were performed on mice in both
groups (see Appendix, online only).
To determine temporal and spatial differences in
gene expression after induction of acute and gradual
arterial occlusion, mice were divided into two sub-
groups: early and late time points. In the gradual occlu-
sion model, the nadir of blood flow represented the time
of complete arterial occlusion. In the acute arterial oc-
clusion group, the thigh (the site of collateral artery
enlargement or arteriogenesis) and calf gastrocnemius
muscles (ischemic region where angiogenesis occurs)
were harvested at 6 hours (early time points) and 24
hours (late time points) after femoral arterial excision. In
the gradual artery occlusion group, muscles were col-
lected at 24 hours (early time points) and 3 days (late
time points) after the nadir in blood flow (as detected by
LDPI) for the gradual occlusion group.
It was not possible to use identical time points since
the limb blood flow could not be quantitated continu-
ously; blood flow was measured once daily until it
reached its nadir when complete arterial occlusion oc-
curred. Given these constraints, we chose early and late
time points that were proportionate to the rate of arterial
occlusion. These muscle samples were analyzed by quan-
titative real time polymerase chain reactions (Q-RT-
PCR). Pilot studies of gradual arterial occlusion revealed
that the time points 24 hours and 3 days after the nadir of
perfusion were the most critical to parallel the rate of
blood flow recovery seen in the acute occlusion model.
To investigate macrophage and hemangiocyte recruit-
ment, we studied calf gastrocnemius and thigh muscle after
both gradual and acute occlusion at 3 and 7 days after arterial
occlusion.
Histology and immunohistochemistry
Capillary to myofiber ratio. The calf gastrocnemius
muscle was harvested on postoperative day 35 after
gradual (n  7) and acute (n  9) arterial occlusion, as
well as from nonischemic control mice (n  4). Endo-
thelial cells were identified on cryosections by CD 31
Reverse primer
CCAGCCATGTTGGATACAGAG
ACAGGACGGCTTGAAGATG
CCAGCCTACTCATTGGGATCAT
GTGATCTCCTTGGGGTCCTT
AGGGGGCGTGATGACTAGG
TGGATCCTTGGGGAAAGAG
AGTGAAGCACCTTCCACGTT
TAGTTTGGCTGGGATAACTCG
GATCCCTCACGAGCTGAGC
GCTGGAATTACCGCGGCTCA
AGA
AGT
AGTG
GCTT
TTG
AGA
CAC
TACantibody staining (PharMingen, San Jose, Calif). Capil-
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the ratio of CD31 positive cells per muscle fiber in three
sections. Mean values were calculated by averaging serial
sections in each mouse.
Percent of muscle necrosis and macrophage recruit-
ment. In order to study the extent of muscle necrosis and
macrophage infiltration after acute and gradual femoral
arterial occlusion, the calf muscle was harvested on day 3 in
the acute model and in the gradual occlusion model. He-
matoxylin and eosin (HE) staining was conducted on trans-
verse sections of calf gastrocnemius muscle. The percentage
of necrosis over whole cross section area was measured
using Adobe Photoshop software. MOMA2 rat anti mouse
Fig 1. A-C, Laser Doppler images of blood flow in t
occlusion. Blood perfusion was monitored with LDPI at
postoperative day 7, 14, and 35 (PO 7, PO 14, and PO 35
perfusion in ischemic leg on the operation day after
respectively. The gradient color scale fromwhite to dark b
black frame indicate the areas of foot and calf scanned b
blood flow in the left (operated) over right (nonoperated
measurement.
*Statistically significant (P  .05); M  SEM, n  14.monoclonal antibody (MCA519G, Serotec, Raleigh, NC),and a secondary antibody Cy3 conjugated donkey anti-rat
antibody (Jackson Laboratories, Bay Harbor, Me) were
used to detect macrophages.
Hemangiocyte recruitment and SDF-1 protein ex-
pression. Hemangiocytes were detected in thigh and
calf gastrocnemius muscles from each group at post
occlusion day 3 and day 7 (n  4 in each group).
Consistent with the definition from Jin et al,13 heman-
giocytes were identified by double staining with
VEGFR1 and CXCR4 (BD Pharmingen) primary anti-
bodies. The secondary antibodies were FITC conjugated
donkey anti rat antibody for VEGFR1, and Cy3 conju-
gated donkey anti mouse antibody (both from Jackson
lf and foot after induction of acute vs gradual arterial
ent time points: preoperation (Pre), operation day (OP),
ectively).White arrow and arrowhead indicate the blood
tion of acute (A) and gradual (B) arterial occlusion,
dicates the blood perfusion level (high to low).White and
I, respectively. The y-axis of (C) shows the ratio of the
muscle. The x-axis shows different time points of LDPIhe ca
differ
, resp
induc
lue in
y LDP
) calfLaboratories, Bay Harbor, Me). The quantitative analy-
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points was conducted after acute vs gradual occlusion.
Double immunostaining of SDF-1 and CD31 was ac-
Fig 2. Gene expression in calf muscle after induction o
determine gene expression level of HIF-1 (A), VEGF
(G), and VCAM (H) in calf muscle after induction of a
different time points are displayed along the y-axis as th
group over mRNA from left calf in the sham control mi
*Statistically significant differences (P  .05) between
standard deviation in each group (n  4).complished with an SDF-1 primary antibody (eBioscience)and CD31 primary antibody. The secondary antibody
was Cy3 conjugated anti rabbit antibody for SDF-1 and
FITC conjugated donkey anti mouse antibody for CD31
e or gradual arterial occlusion. Q-RT-PCR was used to
F-B (C), Egr-1 (D), PDGF (E), MCP-1 (F), ICAM
vs gradual arterial occlusion. Gene expression values at
of mRNA from the left calf muscle in ischemic mouse
s were shown by linkage. The error bars represent thef acut
(B), N
cute
e ratio
ce.
groupdetection.
side (le
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Quantitative real-time PCR. Quantitative assess-
ments of mRNA levels were conducted by RT-PCR using a
Q-RT-PCR Biosystem Opticon 2 (MJ Research, Calif) with
Invitrogen Reverse Transcription Reagents. 18s RNA was
used as an internal control.16 The relative quantitative value of
each target gene was normalized and expressed as Ct:
Ct of target gene
 (1 efficiency of target gene)(Ct gene of target)
Ct of housekeeping gene (1 efficiency
of housekeeping gene)(Ct gene of housekeeping)
Value of relative gene expression
Ct of target gene ⁄ Ct of housekeeping gene
Statistical analysis
Relative gene expression levels were calculated by com-
paring Q-RT-PCR results with an internal standard house-
keeping gene using the equations outlined above. The fold
increase of gene expression was determined by calculating
the gene expression ratios in two different ways. First, ratios
were computed by comparing themean value of the relative
gene expression in the ischemic hindlimb with that of the
nonischemic leg. Second, the genes that showed significant
differences between the ischemic and the nonischemic
hindlimb were further analyzed by comparing the mean
value of the relative gene expression in the operated leg of
an ischemic mouse with that of a mouse that underwent a
sham operation.
Differences among several groups at each time point were
Table II. Summary of gene expression in calf and thigh m
arterial occlusion
Groups of
genes
Calf
Acute (n  4) Chronic (n
6 h 24 h 24 h
Hypoxia
HIF-1 25.46  3.33a 1.95  0.1 9.97  5.16
VEGF 17.35  2.39a 0.62  0.08 1.14  0.13
NF-B 38.52  5.37a 0.6  0.22 1.95  0.3
Egr-1 148.59  43.63a 0.82  0.07 3.0  0.62
Show Stress
eNOS b b b
PDGF 9.05  2.4a 0.58  0.16 1.16  0.61
Inflammatory
MCP-1 7.43  2.85 14.87  2.73 130.81  67.9a
ICAM 4.86  1.47 11.54  4.65 166.09  29.1
VCAM 10.7  3.99 1.69  0.72 17.15  8.37a
Values (mean  SD) in table show the ratio (fold changed) of ischemia ove
aStatistic significance (P  .05) between groups (see linkage in fig 2 and 3)
bThe value of mRNA did not show significant differences between ischemic
was not calculated.analyzed using one-way analysis of variance (ANOVA) (FisherPLSD) for multiple comparisons. Differences between two
groups were analyzed using unpaired t tests. P values  .05
were considered statistically significant. Values are expressed
as mean  standard deviation, unless otherwise indicated
(Table I).
RESULTS
The extent of blood flow recovery is dependent on
the rate of acute vs gradual femoral arterial occlusion
In the acute occlusion group, blood flow in the calf was
reduced to its lowest level (27% 3% of the right leg flow)
after the femoral artery was excised immediately postoper-
atively. On postoperative day 7, blood flow had recovered
to 66%  10% of preoperation level. The extent of blood
flow recovery reached a maximum of 84% 5% on postop-
erative day 35 (Fig 1, A and C).
In the gradual occlusion group, the ratio of blood flow
in the ischemic vs nonischemic side after ameroid place-
ment was 96% 8% (Fig 1, B andC), and gradually reached
a nadir of 52% 3% by postoperative day 14. Over the next
2 weeks, blood flow increased to 68%  4% on postopera-
tive day 35, which was lower than the final recovery level
achieved after acute arterial occlusion (P  .011). Similar
blood flow recovery patterns were also observed in the foot
(see Appendix, online only). The differences in blood flow
recovery between acute and gradual occlusion were charac-
terized by slope analysis (see Appendix, online only).
Gene expression in the calf gastrocnemius muscle is
dependent on the rate of arterial occlusion
The expression patterns of several genes known to be crucial
for the response of the hindlimb to ischemia were significantly
different after acute vs gradual arterial occlusion. The expres-
s following induction of acute and gradual femoral
Thigh
) Acute (n  4) Chronic (n  4)
3 d 6 h 24 h 24 h 3 d
 0.37 b 1.8  0.74 1.3  0.26 3.63  1.39
 0.07 b b b b
 0.1 b 0.99  0.61 0.93  0.11 0.61  0.38
 0.82 20.68  6.64 1.25  0.54 0.82  0.31 0.99  0.26
b 14.25  9.99 1.25  0.40 0.59  0.19 0.43  2.97
 0.11 8.5  5.92a 0.86  0.36 1.32  0.13 1.37  0.99
 2.23 5.85  2.46 1.59  0.60 1.21  0.19 2.1  1.07
 1.32 4.92  0.85a 1.89  0.21 2.69  1.03 1.45  0.41
 0.27 2.36  0.48 1.5  0.28 2.87  0.43 2.63  1.6
in left hindlimb.
ft) and nonischemic (right) side. Therefore, the ratio of ischemia over shamuscle
 4
2.58
1.18
1.1
4.33
1.72
7.44
2.25
1.34
r sham
.sion of HIF-1 mRNA increased significantly at earlier time
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However, expression levels in the calf muscle were signifi-
cantly higher (2.5-fold) after acute than after gradual occlu-
sion (P .05). HIF-1mRNA returned to baseline levels
at later time points after acute and gradual occlusion
(Fig 2, A).
VEGF, a gene activated in response to HIF-1, fol-
lowed a similar pattern of expression of HIF1- after acute
occlusion. However, no significant increase in expression
was noted after gradual occlusion (Fig 2, B). The expres-
sion of other hypoxia-related transcription factors includ-
ing NF-B (Fig 2, C), Egr-1 (Fig 2, D) and gene PDGF
(Fig 2, E) were increased significantly within 6 hours, then
returned to baseline levels within 24 hours after acute
Fig 3. Gene expression in thigh muscle after induction o
(A), Egr-1 (B), PDGF (C), MCP-1 (D), ICAM (E), and
arterial occlusion was examined by Q-RT-PCR. The y-a
mRNA of the thigh from the side of arterial occlusion ov
the different time points (see Fig 2) in each group.
*Statistically significant differences (P  .05) between g
standard deviation in each group (n  4).occlusion (P .05). In contrast, gradual occlusion did notsignificantly affect the expression levels of these three
genes. In addition, the expression of eNOS did not increase
in the calf after either acute or gradual femoral arterial
occlusion (Table II).
Other genes related to inflammatory responses such as
MCP-1, ICAM, and VCAM also demonstrated distinct
patterns in the acute vs gradual models. After acute occlu-
sionMCP-1 and ICAM expression were not increased (Fig 2,
F and G), whereas VCAM expression was increased (Fig 2,
H). The increase in VCAM expression seen in the acute
model was less than that seen in the gradual occlusion
model. After gradual femoral arterial occlusion, the inflam-
matory genes MCP-1, ICAM, and VCAM were upregu-
lated significantly 24 hours after the nadir of blood flow and
te or gradual arterial occlusion. The expression of eNOS
M (F) in thigh muscle after induction of acute or gradual
ows the gene expression values expressed as the ratio of
NA of the thigh in sham control mice. The x-axis shows
were shown with linkage. The error bars represent thef acu
VCA
xis sh
er mR
roupsreturned to basal levels after 3 days (Fig 2, F and G).
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muscle) is dependent on the rate of arterial occlusion
After acute arterial occlusion, the expression of the
hypoxia-inducible genes of HIF-1 and VEGF did not
increase detectably in thigh muscle (Table II). This lack of
increased expression of hypoxia-inducible genes is consis-
tent with the relative lack of ischemia at the thigh level in
these models. However, the expression of genes related to
shear stress including eNOS (Fig 3,A), transcription factor
Fig 4. Angiogenesis and arteriogenesis including angio
A-D, Capillary immunostaining (CD31) and quantitativ
day 35. Representative images from control (A), acute ar
are shown. Capillary density, expressed by the ratio of nu
greater in calf muscle in the acute arterial occlusion group
or in normal muscle (n  4) (D). E and F, Angioscore a
Angiograms were performed on mice with acute vs gra
tended to be higher after acute arterial occlusion than aft
the two groups was not statistically significant (P  0.18
both the acute and gradual occlusion models were me
significant difference between the models.
*P  .05.
**P  .01.Egr-1 (Fig 3, B), and PDGF (Fig 3, C) were significantlyincreased 6 hours after the induction of acute occlusion. By
24 hours after occlusion, expression levels of all three genes
had returned to baseline levels.
In contrast, after gradual occlusion, the expression of
eNOS, Egr-1 and PDGF did not change from baseline.
In addition, the expression levels of NF-B did not
change after either acute or gradual occlusion (Table II).
Unlike in the ischemic calf, the expression of the in-
flammatory genesMCP-1 and ICAM (Fig 3,D and E) were
and collateral diameter after acute vs gradual occlusion.
lysis of capillary density in calf muscle on postoperative
occlusion (B), and gradual arterial occlusion (C) groups
of capillaries over muscle fiber (y-axis), was significantly
9) than in the gradual arterial occlusion group (n 7),
ollateral diameter in acute vs gradual arterial occlusion.
rterial occlusion on post-operative day 35. Angioscore
dual arterial occlusion, although the difference between
) The diameters of the three largest collateral arteries in
d using Fovea Pro software. There was no statisticallyscore
e ana
terial
mber
(n
nd c
dual a
er gra
). (F
asuresignificantly upregulated in the thigh 6 hours after acute
JOURNAL OF VASCULAR SURGERY
Volume 48, Number 6 Yang et al 1553occlusion and returned back to baseline level after 24
hours. In contrast, after gradual arterial occlusion, MCP-1
expression levels were not significantly increased from base-
line level. ICAM expression was significantly upregulated
24 hours post-nadir after gradual occlusion. This increase
was lower than that seen after acute occlusion.
Lastly, VCAM showed a different pattern of expression
Fig. 5. A-G, Muscle necrosis detection and macropha
gradual arterial occlusion. A-D, Arrows in (A) and (B) sh
show the same figure of (A) and (B) at higher magnific
E and F, The immunostaining of macrophages (Cy3
occlusion (E) and after gradual arterial occlusion (F).compared with MCP-1 and ICAM (Fig 3, F). VCAM wassignificantly upregulated 3 days post-nadir of blood flow
with gradual femoral arterial occlusion (P  .05).
Capillary density is increased after acute and gradual
occlusion, but no difference in angioscore
The ratio of capillaries to muscle fibers increased more
munostaining in gastrocnemius 3 days after acute vs.
ecrotic areas after acute and gradual occlusion. C andD
, respectively. Star identifies the area of necrosis in (C).
d) in gastrocnemius (white arrows) after acute arterialge im
ow n
ation
labelein the acute occlusion group (Fig 4, B) than after gradual
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December 20081554 Yang et alocclusion (Fig 4, C) or control groups (Fig 4, A). The
statistic analysis result was shown in Fig 4, D.
Angioscores tended to be higher after acute occlusion
than after gradual occlusion (P .18) (Fig 4, E). However,
when the diameters of the three largest collateral arteries
were measured in each mouse, no significant differences
were detected between the acute and gradual occlusion
groups (P  .24, Fig 4, F).
The extent of muscle necrosis and macrophage
recruitment is dependent on the rate of arterial
occlusion
Mice in the gradual occlusion group (Fig 5, B and D)
had better preserved muscle histological structure than in
the acute occlusion group at post arterial occlusion day 3
(Fig 5, A and C). The percentage of necrosis of calf
gastrocnemius muscle was significantly greater in acute
group vs gradual occlusion group (Fig 5, G) (P  .001).
Essentially, no significant necrosis occurred in the gastroc-
nemius muscle after induction of gradual arterial occlusion.
Most macrophages were localized to the necrotic areas
of the calf muscle after induction of acute occlusion (Fig 5,
E). Substantially fewer macrophages were seen in the calf
gastrocnemius muscle after the induction of gradual occlu-
Fig 6. Double immunostaining of SDF-1 andCD31 in
occlusion. Arrows showed part of SDF-1 positive cells a
and D showed the similar results of SDF-1 and CD31
occlusion (D).sion compared with acute occlusion (Fig 5, F).SDF-1 expression and hemangiocytes recruitment is
dependent on the rate of occlusion
SDF-1 was highly expressed in both calf gastrocne-
mius (Fig 6, A) and thigh muscles (Fig 6, C) at day 3 after
acute occlusion. In contrast, SDF-1 expression was dimin-
ished after gradual occlusion in both calf gastrocnemius
(Fig 6, B) and in thigh muscles (Fig 6, D).
Hemangiocytes, which are positive for both CXCR4 and
VEGFR1, were detected in gastrocnemius and thigh muscles
at 3 and 7 days after acute and gradual arterial occlusion. At 3
days after occlusion, a higher concentration of hemangiocytes
was detected in gastrocnemius and thigh muscles after acute
occlusion than after the gradual occlusion (Fig 7). At 7 days
after occlusion, in the thigh muscle, more hemangiocytes
were detected after acute occlusion (Fig 8, A) than after
gradual occlusion (Fig 8, B). The quantitative analysis of
hemangiocyte infiltration was shown in Fig 8, E.
Of note, some hemangiocytes were localized along
the outer border of small arterioles (arrow heads in Fig 8,
A and C) 7 days after arterial occlusion.
DISCUSSION
The mechanisms regulating blood flow recovery are
rocnemius and thighmuscle 3 days after acute vs. gradual
cute (A) and gradual (B) occlusions in gastrocnemius.C
le staining in thigh muscle after acute (C) and gradualgast
fter a
doubdistinct after acute and gradual arterial occlusion. Gradual
gastr
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patterns, spatio-temporal gene expression, skeletal muscle
histology, macrophage infiltration, and hemangiocyte re-
cruitment that were distinctly different than after acute
arterial occlusion. In the gradual arterial occlusion model,
no muscle necrosis occurred. In contrast, extensive muscle
necrosis in gastrocnemius muscle occurred after acute arte-
rial occlusion (Fig 5,A-F). This extensive muscle necrosis is
not seen in humans suffering from peripheral arterial dis-
ease and appears to strongly affect the molecular and cellu-
lar mechanisms examined in this study.
Blood flow recovery, unexpectedly, was less complete
after gradual arterial occlusion than after acute arterial
occlusion. This less complete recovery of blood flowmay be
due to the lack of upregulation of shear stress responsive
and inflammatory genes in the region of collateral artery
enlargement in the thigh after gradual occlusion (Fig 3).
These important differences in blood flow recovery and
muscle necrosis are related to the rate of reduction in blood
flow. The rapid and extensive muscle necrosis that occurs in
mouse models of acute arterial occlusion is not seen com-
monly in clinical cases of critical limb ischemia in humans
who typically have foot pain at rest, foot ulcers, toe gan-
grene, and rarely have any muscle necrosis in the calf or
thigh muscles. Therefore, studying a model of gradual
arterial occlusion should be more relevant to understand
Fig 7. Hemangiocyte immunostaining with VEGFR-1
acute vs gradual occlusion. Some cells are single stained
positive for both VEGFR1 and CXCR4, labeled by arrow
and (C) than after gradual occlusion (B) and (D) in boththe pathogenesis of human critical hindlimb ischemia.The expression of the hypoxia related genes HIF-1
and VEGF increased in the ischemic calf after acute and
gradual arterial occlusion, but not in the thigh (the region
of collateral arteries). VEGF is potent inducer of angiogen-
esis during development and under pathological condi-
tions.17 HIF-1, VEGF-VEGFR2 pathway may be in-
volved in angiogenesis.18 The higher level of HIF-1
expression after acute arterial occlusion was also consistent
with the higher capillary-to-muscle fiber ratio seen in the
calf gastrocnemius muscle after acute occlusion (Fig 4, D
and F).
Another hypoxia-related gene, NF-B, an upstream
mediator in the regulation of VEGF expression during
hypoxia,19 as well as Egr-1 increased after acute arterial
ligation. Although the signaling pathways and mechanisms
involved in hypoxia-induced gene expression are complex,
and incompletely characterized, Egr-1 knockout mice suf-
fer severe limb necrosis after acute arterial ligation.20 In
clinical situations of gradual arterial occlusion, such as
patients with angina pectoris or atherosclerotic peripheral
arterial occlusive disease, increased serum levels of ICAM
and VCAM are considered markers of endothelial activa-
tion and dysfunction.21 During tissue ischemia, a crucial
role is played by the release of these soluble factors and
subsequent injuring and dismantling of the endothelial
structure.22 Elevated levels of ICAM and VCAM indicate
XCR4 in gastrocnemius and thigh muscles 3 days after
VEGFR-1 (green) or CXCR4 (red), hemangiocytes are
re hemangiocytes are identified after acute occlusion (A)
ocnemius (A) and (C) and in thigh muscle (B) and (D).and C
for
s. Moboth leukocyte activation and endothelial injury during
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December 20081556 Yang et alischemia.23,24 Sustained inflammatory gene expression of
MCP-1, ICAM, and VCAMwithout the increase of angio-
genesis indicated the different mechanism in acute and
chronic models. It may suggest that chronic inflammation
occurs in the calf after induction of gradual femoral arterial
occlusion. A potential application of this finding would be
to determine if upregulation of inflammatory genes is a
clinical marker for those patients who are most likely to
Fig 8. More hemangiocytes are integrated into the sm
hemangiocytes were detected in thigh muscle at post o
occlusion (B). The enlargement of images (A) and (B) are
of small vessels. Arrows show the hemangiocytes, wh
Hemangiocytes line along the endothelium of a small ves
different time points postocclusion is shown in (E).
*Indicates P  .01.progress to critical limb ischemia.Although the specificmolecular mechanisms regulating
vascular remodeling in response to acute vs gradual arterial
occlusion are unknown, increasing evidence suggests that
shear stress and inflammatory genes play critical roles in
collateral artery enlargement.25-27 Fluid shear stress gener-
ated by blood flowing through collateral arteries can pro-
foundly influence endothelial cells by modulating gene
expression and post translational changes in proteins.28
sels in thigh muscle 7 days after acute occlusion. More
ion day 7 after acute occlusion (A) than after gradual
n in (C) and (D), respectively. Asterisks show the lumen
re double positive for both VEGFR-1 and CXCR4.
he quantitative analysis of hemangiocytes in each field atall ves
cclus
show
ich a
sel. TAfter induction of acute occlusion in our study, the shear-
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Volume 48, Number 6 Yang et al 1557stress inducible genes eNOS, PDGF, and transcription
factor Egr-1 were significantly upregulated in the thigh
muscles. This expression pattern of these shear-stress re-
lated genes in vivo after acute arterial occlusion are consis-
tent with in vitro studies using cultured cells. Shear stress
applied to cultured endothelial cells increased eNOS
mRNA level and nitric oxide (NO) production.29-32 NO
regulates shear-stress mediated induction of PDGF-A,
MCP-1,2 ICAM,27 as well as Egr-1 gene expression in
cultured endothelial cells.26 Induced MCP-1 and ICAM
promote arteriogenesis by adherence of monocytes,33
which express growth factors and cytokines like fibroblast
growth factor.34,35 Increased expression of MCP-1 in vivo
was detected in the adductor muscle after acute occlusion
by gene array analysis.36
Shear stress likely increased due to increased flow in
collateral arteries after acute occlusion. Shear stress may
activate inflammatory gene expression (Fig 3), which pro-
motes arteriogenesis by increased macrophage infiltration
(Fig 5), as well as by the activation and proliferation of
endothelial and smooth muscle cells in small arterioles. The
accelerated and greater blood flow recovery seen after acute
occlusion may be due to the greater induction of shear
stress (Fig 3, A-C), inflammatory genes (Fig 3, D and E)
and macrophage infiltration. In contrast, MCP-1 was only
slightly increased, and ICAM, and VCAMwere moderately
increased in thigh muscle with gradual occlusion (Fig 3, D
and F). Shear-stress related gene expression did not in-
crease with gradual occlusion. Taken together, these results
indicate that the gradual onset of ischemia in our new
mouse model leads to a very different response than what
has been previously reported in acute models of ischemia.
Hemangiocytes were first defined by Raffi’s group in a
recent publication.13 They demonstrated that the magni-
tude of cytokine-mediated release of SDF-1 from platelets,
and the recruitment of non-endothelial CXCR4VEGFR
hemangiopoietic progenitors (“hemangiocytes”), consti-
tutes a major determinant of revascularization. Hemangio-
cytes also induce neovascularization by releasing angio-
genic factors, as well as by physically supporting the
assembly of endothelial cells.13,37 Our study showed that
more hemangiocytes were integrated into the endothelial
layer, or localized in the wall of small vessels, after acute
hindlimb ischemia (Fig 8). However, a similar pattern of
hemangiocyte aggregation was notably reduced in our
gradual occlusion model. This provides important evidence
that hemangiocytes contribute to collateral artery remod-
eling (enlargement) and the higher levels observed after
acute gradual occlusion suggest their recruitment may be
proportional to the inflammatory stimulus.
The significant difference in hemangiocyte recruitment
in gradual vs acute arterial occlusion may result from the
differential expression of SDF-1. The SDF-1/CXCR4
axis plays a very important role in the recruitment of
smooth muscle progenitor cells,38 normal stem cells, can-
cer stem cells 39 and the recruitment of hematopoietic cells
into skeletal muscle.40 SDF-1 positive cells significantly
increased after acute occlusion. In contrast, SDF-1 posi-tive cells were less prevalent after gradual occlusion.
CXCR4/VEGFR1 hemangiocytes are recruited to the
area of ischemic injury by the SDF-1/CXCR4 axis. These
cells can differentiate into endothelial cells or smooth mus-
cle cells essential for collateral arteriogenesis. In gradual
occlusion, less hypoxia and minimal muscle necrosis gener-
ated lower expression of SDF-1. This leads to diminished
blood flow recovery. For these reasons, the mechanisms
mediating blood flow recovery after acute vs gradual occlu-
sion may be distinct.
Our findings have important clinical implications. They
suggest that under conditions of gradual arterial occlusion,
where pressure gradients across a collateral arterial bed are
smaller, shear-stress induced genes like eNOS and Egr-1
may not be sufficiently activated to induce collateral artery
enlargement. Gradual arterial occlusion leads to a different
pattern of blood flow recovery, gene expression, macro-
phage infiltration, as well as SDF-1 triggered hemangio-
cyte recruitment. Understanding the mechanisms that de-
termine the extent of collateral artery enlargement after
gradual arterial gradual occlusion model may open avenues
for new molecular approaches for the enhancement of
collateral artery enlargement in humans who suffer from
PAD.
The authors thank Robert Raffai, PhD, for critical
review of the manuscript.
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